I. Introduction
The technique of linear prediction (LPC)12 has rightfully enjoyed a great deal of popularity for the analysis and synthesis of speech. Although the intelligibility of LPC speech is reasonably good, the quality of the synthesis is diminished by a discernible "buzziness'. A great deal of effort has been expended in attempting to enhance the naturalness of the LPC synthesis by removing this "buzziness". Most of this effort has been directed at improving the quality by expanding the linear prediction model to account for the presence of both poles and zeros. 34 The inclusion of zeros in the analysis model has led to a slightly crisper sounding synthesis but has not eliminated the unnatural 'buzziness". 3 In this paper we describe a method for significantly reducing the "buzziness" without changing the LPC analysis model, but instead by modifying the LPC synthesis structure.
II. Why (Fig. lc) . It should be noted that the differences in peak factor between the synthesis of the low pitched talkers and the high pitched speaker is not due to any significant differences in bandwidths of the formants. Instead, the waveform of the high pitched talker has not decayed nearly as much as for the low pitched speaker, due to the significantly shorter pitch period.
It has been argued that the ear preceives the high peak factor in the synthesized waveform as a buzzy overtone.67 Unfortunately, in experiments using a variety of all-pass filters to spread Out the waveform and thus reduce the peak factor, we have observed no reduction in buzziness. However, as we shall see in the next two sections, the buzz can be significantly reduced by a scheme that both reduces the peak factor and helps to destroy any preceived regularity in the synthesis. The pulse shapes considered in our study are depicted in Fig.   3 . (The mathematical definitions of these pulses are given in Ref.
6.) These shapes have been studied previously because of their close resemblance to the actual glottal waveform. 6 In order to approximate the flat spectrum of an impulse, the duty cycle (ratio of (7, + T5)/I) employed in our investigation was less than 12%. A higher duty cycle results in a decidely lowpass sounding synthesis. However, as illustrated in Fig. 4 , even for lower duly cycles, the spectra of the pulses are attenuated somewhat for high frequencies.
On the basis of preliminary listening, it was determined that the use of a non-impulsive source could indeed significantly reduce the buzz and enhance the quality of the LPC synthesis. In addition, it was found that, except for the rectangular pulse (0), no difference could be detected between 'synthesized sentences with equivalent values of the parameters T,IT and T,x/T but with different pulse shapes. The rectangutar pulse shape was associated with a distinctly inferior sounding synthesis. For all the pulse shapes examined, , the synthesized speech changed from very "buzzy" and sharp to very "bassy" and muffled as T1,1 T and T5/ T were varied. For a particular range of T,/T and T5/T, the huzziness and bassiness appeared to diminish and the quality of the synthesis was enhanced. To confirm our informal study, an extensive experiment was performed to determine whether a combination of T1/T and T5/T which minimized "buzziness" and "bassiness" was, in fact, preferred over the quality of the synthesis using an impulse source. It was also of interest to determine whether there was agreement among listeners over the proper combination of T/T and F5/T, and to determine which combinations were associated with equally preferred stimuli.
IV. Experimental Evaluation
The experimental stimuli consisted of the two Sentence utterances (spoken by a male speaker), "We were away a year ago' and "1 was stunned by the beauty of the view". These sentences were synthesized with a triangular pulse source (shape A in Fig. 3 ) using sixteen combinations of T5/T and Tx/T.* These combinations are specified in Table 1 . The combination (T/T, T5/T) equal to (1,0) is a special case which reverts to the conventional impulse source for LPC synthesis.
The experimental evaluation consisted of a simultaneous ranking, in order of preference, of all 16 combinations of (Tp/T, T5/T) for each sentence. Listeners, seated in a sound booth, were able to listen and sort the stimuli by means of a computer-controlled sort hoard9 until a satisfactory ranking was Table 2 shows the results of pairing the rank- The 0's indicate that the hypothesis of equal rank with (1,6) could not be rejected for any of these conditions, while -'s indicate that these stimuli are ranked significantly lower. In contrast, Table  3 shows the results of pairing the rankings for stimulus condition (1,0), the standard impulse source With alt other conditions. T1/T (percent) The results of this analysis are displayed in two dimensions in propose to label these dimensions "buzziness' and "bassiness" respectively, we find that while the most "buzzy" stimuli are consistently least preferred there is a good deal of inter-subject variability with regard to the ranking of the most "bassy" stimuli.
Summarizing briefly, the results indicate that a range of ttimuli with T,,/Tand T\/Tcomhinations which are associated with minimization of both "buzziness" and "bassiness" are most preferred. In addition, the simplest way to characterize these perccpts is by the sum T,/T + T\/T V. Summary
The goal of this paper was to develop an LPC synthesis scheme whose output did not possess the characteristic "buzzy" and unnatural quality of the standard LPC formulation. The scheme used to achieve this goal consisted of the use of an non-impulse source, whose temporal parameters are in fixed proportion to the pitch, for exciting the standard LPC synthesizer during voiced sounds. The success of this scheme was confirmed by an extensive perceptual experiment.
